The authors have proposed the use of a hydrogen concentration probe as a new simple method of evaluating hydrogen concentration. We propose a method of evaluating the rate of change of catalytic heat release in order to evaluate hydrogen concentration history for the condition under which the boundary layer is likely to be immature. By using a shock tube, the rate of increase of heat budget of platinum wire was investigated experimentally. Experimental results indicate that the rate of increase of difference due to catalytic heat release is the maximum value when the hydrogen concentration is 30%, which agrees well with a previous result. As a result, this method can be used to evaluate the rate of increase of difference due to catalytic heat release. It is clear that the rate of change due to catalytic heat release is strongly correlated with the rate of change of hydrogen concentration.
Research on Dynamic Response of Catalytic Heat Release Rate on Platinum Wire to a Shock Wave in Hydrogen-Air Mixture

Introduction
Scramjet engines are potential thrusters for nextgeneration space planes and supersonic airplanes. The technical issue with this technology is to mix hydrogen fuel with oxidizer efficiently. Quantitative evaluation of the hydrogen-air mixing field is required to resolve this issue. Some existing methods of evaluating hydrogen concentration include laser diagnostics (1) and direct sampling (2) techniques. However, these techniques require expensive and complex apparatus, and heavy tasks to users.
The authors have proposed a hydrogen concentration probe (3) - (6) as a new simple method of evaluating hydrogen concentration. This probe makes use of the catalytic reaction on the surface of platinum wire and the technique of the constant-temperature hot-wire anemometer. Results of previous research (5) prove that quantitative evaluation of hydrogen concentration in a steady flow is possible by measuring the catalytic heat release rate and making an analogy between heat transfer and mass transfer, because the catalytic reaction is controlled by mass transport when the temperature of the hot wire is sufficiently high. Because analogous distributions of temperature and species concentration are assumed in this method, the application is limited to the condition under which the boundary layer on the hot wire is mature. Another approach is necessary to adopt this method for the condition under which the concentration change is so rapid that the boundary layer is likely to be immature, such as for a supersonic mixing layer consisting of fuel and air vortices. One solution is to detect the rate of change of the hydrogen concentration instead of measuring the hydrogen concentration itself. A possible method of detecting the rate of change of the hydrogen concentration is to detect the rate of change of catalytic heat release. Our probe can detect the rate of change of the heat budget of the hot wire in terms of the history of power supplied to the hot wire, which is controlled to keep the wire temperature constant. The rate of change of the heat budget of the platinum wire contains both the rate of change of heat transfer from the hot wire to the flow and the rate of change of catalytic heat release on the surface of the platinum wire. Therefore, to detect the rate of change of catalytic heat release, the contribution of the heat transfer change must be removed from the rate of change of the heat budget. The rate of change of the heat budget of the nickel wire is considered to contain only the rate of change of heat transfer. Thus, it is considered that Fig. 1 Schematic of the experimental apparatus the rate of change due to catalytic heat release can be detected from the rate of change of power supplied to the nickel and platinum wires. Within this background, the objective of this research is to propose a method of evaluating the rate of change due to catalytic heat release in an unsteady state using the hydrogen concentration probe. To achieve this objective, we used a shock tube to generate an unsteady state in a wind tunnel charged with a hydrogenair mixture, and measured the history of power supplied to a nickel-platinum double-wire probe in which both wires were kept at constant temperatures.
Experimental Apparatus
1 Shock tube
We used a shock tube to generate an unsteady state. Figure 1 shows the schematic of the experimental setup. The shock tube consisted of a high-pressure chamber, a diaphragm, and a 20 mm × 20 mm rectangular low-pressure wind tunnel. The initial gas pressures of the high-pressure chamber and the low-pressure wind tunnel were about 100 kPa and 10 kPa, respectively. This meant that the pressure ratio was 10. The gas was a hydrogen-air mixture, in which the hydrogen concentration was set up from 0% to 100% in 10% steps in each experiment. The gas charged in the high-pressure chamber expanded and rapidly flowed into the low-pressure wind tunnel, following the breaking of the diaphragm by a firing pin set in the high-pressure chamber. The gas charged in the low-pressure wind tunnel was compressed by the piston effect of the gas flowing in from the high-pressure chamber and a shock wave was generated.
2 Nickel-platinum double-wire probe
We used a nickel-platinum double-wire probe as a hydrogen concentration probe. Figure 2 shows the schematic of the probe. The probe had nickel and platinum wires with a diameter of 0.025 mm and a length of 2 mm. Channel 1 was the nickel wire and channel 2 was the platinum wire. One wire was positioned at a 90
• angle to the other wire. The distance between them was 2 mm such that the boundary layer around each wire would not affect with each other. Both wires were at 45
• angles to the direction of flow. The device for temperature control controlled the Fig. 2 Schematic of nickel-platinum double-wire probe temperature of the two wires independently. In this research, we set the temperature at 870 K. The device which we used was generally used as a constant-temperature anemometer to measure the flow velocity. The probe was set in the wind tunnel 310 mm downstream from the diaphragm. The reason for this position of the probe is as follows. The shock wave is generated not at the diaphragm but at some distance from the diaphragm. The distance from the diaphragm to the point at which the shock wave is generated is called the shock formation distance. The theoretical value of the shock formation distance L S W is calculated using the simple theory of shock tube (7) . Under the conditions adopted in this research, the value of L S W is 290 mm. In preliminary experiments, we installed some pressure sensors in the vicinity of the theoretical shock formation distance in the wind tunnel and measured the pressure histories. From these results, we decided that the position of the probe from the diaphragm should be 310 mm.
3 Process of experiment
The experiment was conducted as follows. The diaphragm was installed and the apparatus including the high-pressure chamber and the low-pressure wind tunnel were evacuated. Hydrogen gas and air were mixed to setting concentration in the premixture tank. The mixture was charged in the high-pressure chamber to 100 kPa, and in the low-pressure wind tunnel to 10 kPa. The hot-wire probe was heated to the desired temperature such that the temperatures of the nickel and platinum wires were approximately equal. The diaphragm was broken using the firing pin to expose the nickel-platinum double-wire probe to an unsteady state. Temporal voltage data were recorded at a sampling rate of 5 µs. Figure 3 shows the history of pressure at 310 mm downstream from the diaphragm in the low-pressure wind tunnel. The horizontal and vertical axes denote the time and the pressure, respectively. Black dots denote data sampled by a recorder. The sampling rate of the recorder was once every 5 µs. The pressure sensor detects the arrival of the shock wave as a sudden increase of the pressure. The time when the shock wave reached the sensor was defined as 0. Before the shock wave, the pressure in the wind tunnel was about 10 kPa, which was the initial condition of the wind tunnel. After the shock wave, the pressure increased to about 30 kPa. Using the simple theory of shock tube (7) , the theoretical value of the pressure behind the shock wave was calculated under the conditions of this experiment: initial pressure in the wind tunnel of 10 kPa and pressure ratio of the high-pressure chamber and the low-pressure wind tunnel of 10 to 1. The theoretical value was 28.2 kPa. The experimental value was approximately equal to this theoretical value. The period in which the pressure increased from 10 kPa to 30 kPa was less than 5 µs. This indicates that the increase of the pressure was virtually discontinuous. These data guarantee that the shock tube used in this experiment generated the shock wave by the piston effect, whereby the gas in the high-pressure chamber, upon breaking the diaphragm, rapidly compressed the gas in the low-pressure wind tunnel. plied to the nickel and platinum wires in cases where the hydrogen concentrations were 0%, 30%, and 100%, respectively. Time 0 corresponded to when the shock wave reached the probe, followed by the hot gas and cold gas flows around the probe in this order. The hot gas and the cold gas are defined as follows: A hot gas is the gas initially in the low-pressure wind tunnel, which is compressed rapidly by the gas of the high-pressure room after the break of the diaphragm. A cold gas is the gas initially in the high-pressure chamber, which expands rapidly after the break of the diaphragm and flows into the low-pressure wind tunnel. After the shock wave, heat release from the hot wire to the flow increased because the flow velocity increased. To compensate the decrease of the temperature of the hot wire, the device for temperature control increased the power supplied to the hot wire. The device increased the power supply again after the cold gas flow reached the hot wire because the temperature of the cold gas was lower than that of the hot gas, resulting in the increase of heat release from the hot wire to the flow. Hence, it is reasonable to consider that the hot gas flowed around the hot wires between the first and second increases of power supply. The period during which the hot gas flowed was called the duration of hot gas. It was considered that these durations were about 530 µs, 400 µs, and 150 µs with hydrogen concentration of 0%, 30%, and 100%, respectively. The theo- Table 1 Theoretical and experimental duration of hot gas retical value of this duration could be calculated by using the simple theory of shock tube (7) . Table 1 shows the theoretical and experimental values. From these results, the experimental value of the duration is found to agree well with the theoretical value.
Results and Discussion
1 Pressure history
2 History of power supply
Note that the rate of increase of power supplied to the nickel wire after the shock wave was lower than that supplied to the platinum wire when the hydrogen concentration was 0% or 100% at which the catalytic reaction did not occur. In the case of a hydrogen concentration of 30%, i.e., with catalytic heat release, on the other hand, the rate of increase of the nickel wire was approximately equal to that of the platinum wire. The rate of increase of the nickel wire should equal that of the platinum wire under the condition that the catalytic reaction does not occur if the only difference between them is catalytic ability. In fact, they do not agree with each other. We considered that this difference was caused by a change of the axial temperature distribution and the differences of the physical properties between nickel and platinum. The radial temperature distribution was assumed to be uniform because the Biot number, which is a dimensionless number of the ratio of internal heat resistance to convective heat resistance, was much smaller than 1. The axial temperature distribution, on the other hand, was not uniform. The hot wires were attached to the support pins. Because the heat capacity of the support pins was far larger than that of the hot wires, the temperature at the joint of the hot wire and the support pins was kept low even when the hot wire was heated electrically; therefore, heat conduction from the hot wire to the support pins occurred. Thus, there was a parabolic axial temperature distribution in the hot wire as central point exhibited the maximum temperature. The device for temperature control controlled the temperature in order that the total resistance of the hot wire was equal to the value of resistance converting the preselected hotwire temperature. When the gas flowed around the hot wire, the temperature of the central region of the hot wire decreased and the temperature of both side regions of the hot wire increased due to the electrical heat supplied to the entire wire. Consequently, the axial temperature distribution became flat compared to the case without gas flow. To examine this effect numerically, the hot wire was divided into minute sections, as shown in Fig. 7 , to solve the heat 
where q 1 is the heat input by conduction, q 2 is the heat release by conduction, w is the electrical heat, q rad is the heat release by radiation, q conv is the heat release by convection, and q cat is the heat input by catalytic reaction. Each term in Eq. (1) is written to:
where D is the diameter of the hot wire, λ is the thermal conductivity, T w is the hot-wire temperature, I is the electric current, ρ e is the volume resistivity, ε is the emissivity, σ is the Stefan-Boltzmann Coefficient, T ∞ is the temperature of the infinite distance region, α is the heat transfer coefficient, T g is the gas temperature. Therefore, Eq. (1) results in:
The current and the catalytic heat release rate are values assumed by the authors from the experimental results. The heat transfer coefficient is calculated iteratively so that the total resistance of the hot wire corresponds to the setup value. The set-up resistances of nickel and platinum cases were 1.57 Ω and 1.26 Ω, respectively, corresponding to the mean wire temperature of 870 K. Amounts of heat release from the hot wire were 0.2 W and 0.5 W before and after the pass of the shock wave. Whether the catalytic reaction occurs or not, these values are the same amounts of the heat release. Without the catalytic reaction, the amount of heat release is equal to the electric heat supply. With the catalytic reaction, the amount of the heat release rate consists of the electric and catalytic heats. Because the catalytic heat release rate was measured to be about 0.1 W in a preliminary experiment, we assumed the value to be 0.15 W on calculation to emphasize the catalytic effect. Therefore, the electric power supply with a catalytic reaction was 0.35 W. T g and T ∞ were 420 K and 300 K, respectively. Thermal conductivity and volume resistivity were calculated in each part of the wire as a function of the temperature. Figures 8 and 9 show the results solving Eq. (7) for the nickel and platinum wires, respectively. In Figs. 8 and 9 , the solid lines represent the axial temperature distribution before the shock wave, and the broken lines represent the distribution after the shock wave without catalytic reaction. In Fig. 9 , the thick solid line represents the distribution when catalytic reaction occurs. The thick solid line overlaps the broken line in almost all regions. Therefore, it is considered that catalytic reaction negligibly affects the change of the temperature distribution. Due to the change of the temperature distribution, heat transport occurs in the axial direction. Finite time is necessary to change the distribution because the hot wires have heat capacity. The heat capacities of the nickel and platinum wires are 4 609 kJ/(m 3 ·K) and 3 123 kJ/(m 3 ·K), respectively. Heat transport in the platinum wire is less than that in the nickel wire because the heat capacity of platinum is smaller than that of nickel. The thermal conductivities of nickel and platinum are 69.0 W/(m·K) and 76.6 W/(m·K), respectively. Thus, heat transfer from the central region to the side regions occurs more easily in the platinum wire than in the nickel wire. Therefore, in the platinum wire, heat transfer occurs promptly and the time required to change the axial temperature distribution is considered to be short. It is considered that the time needed to change the temperature distribution governs the rate of increase of power supply. Therefore, the difference in the heat capacity and the thermal conductivity between the nickel and platinum wires causes the difference in the rate of increase of power supply.
3 Rate of increase of power supply
We calculated the rate of increase of power supplied to the hot wires from the increment of the electric power Figures 10  and 11 show the relationships between hydrogen concentration and the rate of increase of the nickel and platinum wires, ∆Q Ni and ∆Q Pt,CR , respectively. Black dots denote the mean value of four to eight data obtained experimentally for each concentration, and the error bars denote the standard deviation. The rate of increase of the nickel wire seems to increase linearly with hydrogen concentration. This is because the thermal conductivity of the mixture increases linearly with increasing hydrogen concentration, resulting in the increase of the heat release rate from the hot wire to the flow. It is reasonable to consider that if catalytic reaction does not occur on the surface of the platinum wire at every hydrogen concentration, the rate of increase of the platinum wire should increase linearly with hydrogen concentration, as in the case of the nickel wire. Fig. 12 Rate of increase of catalytic heat release 3. 4 Evaluation of the rate of increase due to catalytic heat release rate w is assumed to be the change of heat flux by the pass of the shock wave, the rate of increase of the nickel and platinum wires, ∆Q Ni and ∆Q Pt , are expressed as follows using the heat capacity and the thermal conductivity,
In this research, w in Eqs. (8) and (9) are assumed to be equal. Equations (8) and (9) are rewritten to
where α = C/λ.
α is the heat capacity divided by thermal conductivity, meaning the inverse of the thermal diffusivity. This value is considered to govern the rate of increase of power supply.
The rate of increase of the nickel wire was evaluated to be
by the least squares method from the experimental data, where C Hydrogen is hydrogen concentration. The values of α Ni and α Pt in Eq. (10) are 66.8 × 10 3 s/m 2 and 40.8 × 10 3 s/m 2 , respectively. The ratio of these values is about 1.64. From Eq. (10), the rate of increase of the platinum wire is considered to be 1.64 times that of the nickel wire. The rate of increase of the platinum wire without the catalytic reaction is estimated to be
where ∆Q Pt is the rate of increase of the platinum wire, assuming that the catalytic reaction does not occur. ∆Q Pt is also plotted in Fig. 11 . The difference between ∆Q Pt and ∆Q Pt,CR at any hydrogen concentration is considered to be the rate of increase of difference in the power supply due to catalytic heat release, δQ CR . Figure 12 shows the relationship between the hydrogen concentration and δQ CR evaluated by the method described above. When the hydrogen concentration is 30%, i.e., the stoichiometric condition, δQ CR is a maximum value. It is also considered that δQ CR is strongly correlated with the hydrogen concentration. In the high hydrogen concentration region, the error bars in Fig. 12 are larger than the other region. The cause of large uncertainties in Fig. 12 with large hydrogen concentrations is the large increments of the power supply due to the large heat transfer coefficient of hydrogen. Under a limited sampling rate of the data recorder, the ability of high-speed response and the accuracy of the data are in the trade-off relation. The error can be reduced by employing a wire of large heat capacity (i.e., large volume), at the sacrifice of the response. Although the optimization of the wire volume is necessary, this is beyond the scope of this paper. The previous research (5) clarified that the catalytic heat release rate is a function of hydrogen concentration, and is a maximum value when the hydrogen concentration is 30%. Figure 12 shows that the tendency agrees well qualitatively with this previous result. As a result, the method that we have proposed in this paper could be used to evaluate the rate of increase of difference in the power supply due to catalytic heat release. It is clear that the rate of increase of difference in the power supply due to catalytic heat release is strongly correlated with the rate of hydrogen concentration change. Accordingly, this method can provide key information about the concentration change even when the concentration change is so rapid that the boundary layer is likely to be immature.
Conclusion
A method of evaluating the hydrogen concentration history in a supersonic mixing layer was proposed. Our method was to detect the rate of change of the hydrogen concentration instead of measuring the concentration itself. By using a shock tube, the rate of change of the heat budget of the platinum wire was investigated experimentally. The increment of the heat budget includes two contributions, i.e., the change of the amount of heat transfer to the flow and the change of catalytic heat release rate. The contribution of the heat transfer change could be removed by investigating the rate of change of the heat budget of a nickel wire on which the catalytic reaction does not occur. As a result, the method that we proposed in this paper is available to evaluate the rate of increase of difference in the power supply due to catalytic heat release. It was revealed that the rate of increase of difference in the power supply due to catalytic heat release is strongly correlated with the rate of hydrogen concentration change. Accordingly, this method can provide key information about the concentration change even when the concentration change is so rapid that the boundary layer is likely to be immature.
